Suspended optical microresonators are promising devices for on-chip photonic applications such as radio-frequency oscillators, optical frequency combs, and sensors. Scaling up these devices demands the capability to tune the optical resonances in an integrated manner. Here, we design and experimentally demonstrate integrated on-chip thermo-optic tuning of suspended microresonators by utilizing suspended wire bridges and microheaters. We demonstrate the ability to tune the resonance of a suspended microresonator in silicon nitride platform by 9.7 GHz using 5.3 mW of heater power. The loaded optical quality factor (Q L ~92,000) stays constant throughout the detuning. We demonstrate the efficacy of our approach by completely turning on and off the optical coupling between two evanescently coupled suspended microresonators.
Introduction
Microresonators are the workhorse for diverse on-chip photonics applications from biochemical sensing [1, 2] , non-linear optics [3, 4] , optomechanics [5] [6] [7] , to on-chip lasers [8] [9] [10] . These applications increasingly utilize air-cladded and suspended microresonator geometry to leverage the strong light confinement from the high index contrast, the direct interaction between the sensing targets and the optical field, and the transduction between optics and mechanics via radiation pressure.
Many suspended microresonator-based applications demand the ability to actively tune the optical resonant frequencies to compensate for the unavoidable fabrication variations, but the lack of an efficient integrated tuning scheme for these resonators has significantly limited their use. The difficulty of tuning air-cladded resonators in an integrated manner arises from the lack of optical isolation between a tuning mechanism and the optical mode. To illustrate this, consider tuning a ring resonator through thermo-optic effect using heaters [11, 12] . Typically, a microheater is positioned on a cladding layer above the optical devices to isolate the metal from the optical field underneath. For suspended microresonators, however, the heaters cannot be positioned directly above the optical devices because they are air-cladded and the metal will absorb light.
Previous efforts to tune suspended microresonators focus on isolating the tuning mechanism from the optical field without sacrificing efficiency, but they are either fundamentally restricted to tuning a single resonator or their tuning mechanisms are not fully integrated. For example, the resonance of a suspended microresonator was tuned by photoelectrochemical etching [13] , but tuning through fabrication does not allow reconfiguration. Several groups have demonstrated thermo-optic tuning with Peltier element stage heating [14, 15] , but this approach is inefficient and non-local, where multiple resonators cannot be tuned independently. There has also been resonance tuning using carrier-injection [16] , but this effect is inherently associated with optical loss and is limited to active materials such as silicon, germanium, or other compound semiconductors. Another approach is using an out-ofplane laser tuning [5, 17] , but this is inherently non-scalable as this approach would require one laser per resonator. Other methods include electrically tuning suspended microresonators, such as capacitive strain-induced tuning [18] and resistive tuning [19] . Currently, however, the electrical probes directly touch the resonators, making them non-scalable and nonintegrated. To control the resonance dynamics on-demand and in an integrated manner, the tuning mechanisms should be controlled with integrated wires and contact pads isolated from the device.
Here, we demonstrate integrated thermo-optic tuning of suspended microresonators using suspended wire bridges and microheaters. Figure 1 is a schematic of our approach. It consists of a resistive microheater placed at the center of the resonator as shown in Fig. 1(a) . This allows efficient heat transfer through direct thermal contact while spatially isolating it from the resonator's optical whispering gallery mode at the perimeter. The heater is then connected to the electrical contacts isolated several tens of microns away from the resonators via suspended metal wire bridges. These suspended wires close the electrical connection between the microheater and the contacts without requiring a cladding material. As shown in Fig. 1(b) , there is a small gap between the suspended wire bridges and the resonator edge to avoid metal absorbing light. Figure 1 (c) describes how our approach can be scaled up for two evanescently coupled suspended resonators to control the coupling dynamics of multiple resonators in an integrated manner. Fig. 1 . Schematics of our integrated tuning of suspended microresonators. The suspended wire bridges are used to control the microheaters fabricated on the resonators without a cladding material. (a) We deposit a platinum microheater at the center of the resonator to achieve direct thermal contact for efficient heat transfer while isolating it from the optical mode at the resonator perimeter. The heater is connected to the contacts located tens of microns away from the resonator via suspended platinum wire bridges. The red perimeter depicts the optical whispering gallery mode of the resonator. (b) The side view of the device shows how the suspension of these wire bridges can electrically connect the heater to the contacts without a cladding layer and simultaneously avoid optical absorption. (c) An example of how this tuning approach can be scaled up for an array of two evanescently coupled suspended microresonators. Our approach allows independent tuning of each resonator to turn the optical coupling on and off on-demand. A scale bar is shown for reference.
Device fabrication and design
We fabricate our tunable suspended microresonators by depositing, annealing, and patterning optical structures in silicon nitride (Si 3 N 4 ) and silicon oxide (SiO 2 ), followed by the depositing, patterning, and lifting-off metal structures for heaters and suspended wire bridges. structural stability of the suspended wire bridges. We use the argon pressure (about 12 mTorr) during the sputter-deposition that yields Pt film with a slightly tensile stress of about 100 MPa. The stress of the deposited Pt film can be controlled by varying the argon pressure during sputtering deposition [22] . We fabricate the metal bridges with tensile stress to ensure that they do not buckle down after they are released with the resonator, as buckling can collapse the bridges or induce optical absorption. Also, as the tensile stress tends to bend the bridges upwards away from the device, it provides firm mechanical support for the suspended bridges. In order to find the optimal argon pressure yielding the appropriate tensile stress, we sputter-deposit 350 nm of Pt at different argon pressures on bare silicon wafers and measure the resulting film's stress by comparing the wafer bowing before and after the deposition. The tensile stress of about 100 MPa is sufficient to ensure structural stability and adequate adhesion of the metal after deposition. After lifting-off the final metal layer, we release the resonator perimeter and bridge wires by wet etching the sacrificial PECVD and thermal SiO 2 layer in BOE (6:1) for 35 minutes. We use a critical point dryer to minimize evaporation damages. Figure 4 shows the fabricated suspended microresonators with the integrated tuning circuit taken with the scanning electron microscope (SEM). 
Experimental results
We demonstrate tuning of the resonance of a 40 μm-diameter suspended microresonator by 9.7 GHz using 5.3 mW of electrical power on the heaters without affecting the optical Q. Figure 5 is the measured transmission spectra of the suspended microresonator at various heater powers. The initial resonant wavelength (heater power = 0 W) is 1551.13 nm. As the heater power increases, the resonance redshifts due to the thermo-optic effect. The temperatures of the resonator at various heater powers are extracted from the resonance detuning using the thermo-optic coefficient of Si 3 N 4 (dn Si3N4 /dT = (2.45 ± 0.09) × 10 −5 RIU ⁄ °C) [23] . From the measured loaded Q at each resonator temperature in Fig. 5 , we observe no degradation of the Q, confirming that the Q is not affected by heating. This implies that the wires do not buckle down and add loss to the resonator as heater power increases. The slight increase in the loaded Q and the change in transmission extinction observed at higher temperatures are likely due to slight drifts in the taper-resonator coupling conditions [24] . We measure the heater response to be in the order of 30 μs (see Appendix). Our tuning efficiency is 350 MHz / K, or 15 nm / W, which is more efficient by a factor of 15 than previously demonstrated Si 3 N 4 tuning [12]. To achieve even higher tuning efficiency, heater design may be optimized to increase the heating area and breakdown power. . The loaded Q factor is measured at each temperature, and does not decrease as we detune the resonance, demonstrating that the Q factor is not affected by the heating. The slight increase in the loaded Q and the change in transmission extinction observed at higher temperatures are likely due to slight drifts in the taper-resonator coupling conditions [24] .
In order to demonstrate the scalability and the ability to control the coupling strength of multiple resonators, we apply our approach to an array of two evanescently coupled suspended optical resonators (refer to Fig. 1(c) for a schematic of this type of system). The evanescently coupled suspended resonator system is important in various applications [5] [6] [7] , but the coupling strength could not be dynamically controlled. The resonators are difficult to couple optically as the optical resonant frequencies are prone to fabrication variations. Even variations on the nanometer scale typically observed during fabrication lead to different resonant frequencies (e.g., 5.4 GHz of resonance difference in Ref [5] .). Therefore, sets of evanescently coupled resonators are unlikely to exhibit maximum coupling strength because the resonances do not perfectly align.
We fabricate two identically designed and evanescently coupled suspended resonators, and tune the appropriate resonator to align the resonances and maximize optical coupling. Figure 6 shows the spectra of the coupled suspended resonators (the left resonator, L, and the right resonator, R) at different detuning. The light is coupled to R with a fiber taper as shown in the bottom left infrared (IR) image in Fig. 6 . The two resonators initially have different resonances due to fabrication variability; the resonances are centered around 1556.33 nm and 1556.34 nm for L and R, respectively, for heater power of 0.72 mW. As the resonance difference (1.2 GHz) is greater than the coupling rate between the two resonators, the light resonates in R much longer than in L, and R resonance has a much larger extinction than the L resonance. The resonance of L is blue-detuned relative to that of R, so we redshift the L resonator using its heater. As we increase the temperature of L, the L resonance redshifts. As the resonance difference becomes comparable to the coupling rate, the transmission extinction increases, indicating increased coupling strength due to better resonance alignment. The resonances best align at around heater power equal to 3.28 mW, which is centered around 1556.35 nm (dark green spectrum in Fig. 6 ). From the middle IR camera image in the left of Fig. 6 , one can see that light is circulating within both resonators even if the fiber taper is coupling light into R. We further redshift the L resonance to cross over the R resonance and observe the expected anti-crossing behavior of a coupled resonator system with less than 7 mW of heater power. Our tuning mechanism, therefore, can overcome unavoidable fabrication variations and dynamically control the coupling strength between the two coupled resonators. Our reson the resonators achieve maxi evanescently where, ω avg Δω = ω L -ω R between the tw P, according t R resonator a 6 . Controlling the es of the resonator ators (see inset of cated, the resonanc eft resonator (L) a r = 0.72 mW). The ing between cloc the L resonator us erature of L, th r power = 3.28 mW onance. We furthe onance. We observ dashed lines in the nance tuning of s (L), agrees w imum coupling coupled resona
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Resonance splitting in an array of evanescently coupled resonators
We simulate the evanescently coupled resonator system in order identify different types of resonance splitting in our fabricated coupled resonator system. Figure 8 shows the configuration of the simulated coupled resonator system with various coupling parameters, β and γ, as well as simulated transmission spectra. Light is coupled to the first resonator from a bus waveguide, or a fiber taper. Due to evanescent coupling, the two resonators form a new eigenmode system, in which the two eigenmodes, or supermodes, are a symmetric and antisymmetric mode. These supermodes are hybridization of clockwise (CW) and counterclockwise (CCW) propagating modes within each resonator. The hybridized supermodes span both resonators and the resonant frequencies are split as shown in Figs. 8(b) and 8(c) . The splitting is larger if the coupling strength between the resonators, γ, is greater (i.e. the distance between the resonators is smaller). Within each supermode (symmetric or anti-symmetric), there is another resonance splitting. This is due to the coupling between CW and CCW mode Fig. 8 . Coupling dynamics in a system of evanescently coupled resonators. (a) There are different types of coupling. In each resonator, there is a coupling between clockwise (CW) mode and counter-clockwise (CCW) mode, β i = 1,2 , due to side-wall scattering or other perturbation that splits the resonance of each resonator. In addition, the CW and CCW modes in the two resonators hybridize into symmetric and anti-symmetric supermodes spanning both resonators with coupling strength γ due to evanescent coupling. (b) The resonance splitting caused by β i , the coupling between CW and CCW modes, is shown at different coupling strengths with fixed evanescent coupling rate, γ. (c) The resonance splitting caused by γ, the coupling between symmetric and anti-symmetric supermodes, is shown at different coupling strengths with fixed CW and CCW coupling rate, β i . of each resonator with coupling strength β i (i = Left or Right resonator). This coupling between CW and CCW modes occurs through scattering from the imperfections of the resonator sidewall or the perturbation of the neighboring resonator. As shown in Fig. 8(b) , the splitting within each supermode is larger if the coupling strength β i is greater. This coupling between CW and CCW modes is usually weak in an isolated single resonator, but in a high-Q resonator or in a system of evanescently coupled resonators, the side wall roughness or the neighboring resonator's presence introduces a strong perturbation such that CW and CCW modes coupling becomes stronger. The resonance splitting of the R resonance in the dark blue spectrum (0.72 mW) in Fig. 6 is due to the coupling between the CW and CCW mode. Also, as the two resonators (L and R) have optical resonant frequencies that is greater than their coupling stren When the L resonance stil strength γ as d is usually wea dark green sp spectrum (0.7
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